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Francisella tularensis is the intracellular gram-negative coccobacillus that causes tularemia, and its virulence
and infectiousness make it a potential agent of bioterrorism. Previous studies using mononuclear leukocytes
have shown that the lipopolysaccharide (LPS) of F. tularensis is neither a typical proinflammatory endotoxin
nor an endotoxin antagonist. This inertness suggests that F. tularensis LPS does not bind host LPS-sensing
molecules such as LPS-binding protein (LBP). Using priming of the polymorphonuclear leukocyte (PMN)
oxidase as a measure of endotoxicity, we found that F. tularensis live vaccine strain LPS did not behave like
either a classic endotoxin or an endotoxin antagonist in human PMNs, even when the concentration of LBP was
limiting. Furthermore, F. tularensis LPS did not compete with a radiolabeled lipooligosaccharide from Neisseria
meningitidis for binding to LBP or to the closely related PMN granule protein, bactericidal/permeability-
increasing protein. Our results suggest that the inertness of F. tularensis LPS and the resistance of F. tularensis
to oxygen-independent PMN killing may result from the inability of F. tularensis LPS to be recognized by these
important LPS-sensing molecules of the innate immune system.

Francisella tularensis is the gram-negative coccobacillus that
causes tularemia, a life-threatening zoonotic infection of hu-
mans (17). The natural reservoir of the bacterium is not known
for certain, but rodents and lagomorphs can become infected
and transmit the infection to humans directly via exposure to
carcasses or indirectly via arthropod vectors (17, 35). Infection
is acquired by inoculation on mucosa or in broken skin, and as
few as 10 organisms acquired by the aerosol route can cause
overwhelming sepsis and a high rate of mortality. The organ-
ism’s virulence and infectiousness spurred its development as a
biowarfare agent beginning in the 1930s, and both the United
States and the Soviet Union actively weaponized F. tularensis
during the Cold War. For these reasons, F. tularensis is con-
sidered a category A bioterrorism agent and a high priority for
research into rapid diagnosis, pathogenesis, treatment, and
prevention (13, 35).

Two subspecies of F. tularensis, F. tularensis subsp. holarctica
and F. tularensis subsp. tularensis, are virulent in humans and
can replicate in macrophages as they disseminate throughout
the reticuloendothelial system (17). The fact that a few organ-
isms at cutaneous or mucosal sites can cause overwhelming
disease suggests that the organism is able to elude innate
immune clearance efficiently. Because of the practical and reg-
ulatory complications of working with fully virulent clinical
isolates, most of the available studies of the early host response
to F. tularensis have used the live vaccine strain (LVS), which
is attenuated in humans but causes a fatal infection in mice. In
this model system, cytokines such as gamma interferon and
tumor necrosis factor alpha are important to host defense,

especially early in the response to primary infection (16, 27,
42), perhaps through their ability to activate macrophages for
more efficient killing of intracellular bacteria (19). Polymor-
phonuclear leukocytes (PMN) also play an important role in
initial host responses, as neutropenic mice are extremely sus-
ceptible to primary infection with a small intradermal inocu-
lum of F. tularensis LVS (41); control mice are able to atten-
uate replication of the organism in the spleen, liver, and lungs,
whereas replication in neutropenic mice proceeds inexorably
until death. Thus, although adaptive immunity is crucial to the
eventual resolution of the infection with F. tularensis LVS (44),
the available data on pathogenesis suggest that soluble and
cellular innate immune effectors slow dissemination until a
specific immune response is formed.

How the organism eludes the potent antimicrobial effectors
of the innate immune system is unknown. Typically, the host
immune system relies upon recognition of unique pathogen-
associated molecular patterns in order to initiate protective
inflammatory responses, and among the most important of
these recognized pathogen-associated molecular patterns for
the defense against gram-negative organisms is lipopolysaccha-
ride (LPS) (24). Host proteins such as lipopolysaccharide-bind-
ing protein (LBP), CD14, and MD-2 bind to LPS and, in
concert with Toll-like receptor 4 (TLR4), initiate intracellular
signaling cascades that result in the protective elaboration of
cytokines and the mobilization of antimicrobial effectors (5).
However, the LPS of F. tularensis is unusual in structure and
biological activity. Whereas the LPSs of many gram-negative
bacteria function as potent proinflammatory endotoxins, the
LPS of F. tularensis is apparently inert. It is unable to stimulate
mononuclear cells to release cytokines or nitric oxide or to
upregulate surface immunoglobulins on B cells (3, 39). Con-
versely, it does not act as an endotoxin antagonist for mono-
nuclear cells (3). These observations suggest that F. tularensis
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LPS may not interact with host LPS recognition proteins, thus
depriving the host of potentially protective inflammatory re-
sponses. Structural studies of the lipid A portions of LPSs from
both the LVS strain and a virulent F. tularensis subsp. holarctica
strain indicate that the acyl chains are unusual in length and in
configuration (36, 46), and these and other unusual aspects of F.
tularensis LPS structure may be responsible for its unusual bio-
logical activity.

Studies of knockout mice deficient in the phagocyte oxidase
and in vitro studies of the interactions between PMN and F.
tularensis LVS suggest that reactive oxidant species (ROS) are
indispensable for PMN killing of the bacterium (28, 31). Be-
cause typical proinflammatory LPS potently primes the neu-
trophil oxidase for subsequent release of ROS in response to
stimuli, it is possible that the inert LPS of F. tularensis deprives
the host of maximal stimulation of important host neutrophil
oxidative responses. Given that virulent strains of F. tularensis
are less efficiently killed by PMN than is F. tularensis LVS and
are more resistant ROS in vitro (30, 31), the failure to stimu-
late host PMN may be particularly important during interac-
tions between the host and more virulent strains. The inability
of oxygen-independent bactericidal mechanisms of PMN to kill
ingested F. tularensis LVS suggests that the azurophilic granule
protein bactericidal/permeability-increasing protein (BPI) is
unable to bind F. tularensis LPS and cause lethal injury (48).
BPI is closely related to LBP, an LPS recognition protein that
is required for induction of proinflammatory responses to low
concentrations of LPS. Thus, the failure of F. tularensis LPS to
act as a proinflammatory endotoxin and the resistance of F.
tularensis to oxygen-independent PMN killing could reflect the
failure of F. tularensis LPS to bind these proteins. In this study,
we demonstrate the inert properties of F. tularensis LPS in
human PMN and show that these two closely related molecules
involved in the host response to endotoxin, LBP and BPI, are
unable to bind F. tularensis LPS.

MATERIALS AND METHODS

Materials. Endotoxin-free phosphate-buffered saline and Hanks’ balanced salt
solution (HBSS) with or without divalent cations were purchased from Medi-
atech, Inc. (Herndon, VA). Endotoxin-free distilled water, normal saline, and
human serum albumin were purchased from Baxter International Inc. (Deer-
field, IL). Bovine serum albumin (BSA), lucigenin, and proteinase K were pur-
chased from Sigma-Aldrich Corp. (St. Louis, MO). Recombinant human LBP
and BPI were obtained from Xoma (Berkeley, CA). Clinical-grade dextran was
purchased from MP Biomedicals, Inc. (Irvine, CA).

PMN isolation. Venous blood was obtained from healthy volunteers in accor-
dance with a protocol approved by the Institutional Review Board for Human
Subjects at the University of Iowa. PMN were isolated from heparinized samples
as described previously, with a slight modification using dextran sedimentation
followed by Ficoll-Paque Plus (Amersham Biosciences, Piscataway, NJ) density
gradient separation and hypotonic lysis with distilled water (6). Purified cell
preparations were �96% PMN and were kept in normal saline without exposure
to calcium until use in priming experiments.

LOS preparations. Neisseria meningitidis lipooligosaccharide (LOS) was iso-
lated from a type B strain as previously described (32); [3H]LOS biosynthetically
radiolabeled to high specific activity (6,000 cpm/ng) was obtained from an acetate
auxotroph of the N. meningitidis type B strain as described previously (20).
Penta-acyl LOS was obtained from a late acyltransferase mutant (msbB) of
Neisseria gonorrhoeae as previously described (37). LPS from F. tularensis was
isolated as follows. The live vaccine strain of Francisella tularensis (ATCC 29684)
was grown on densely streaked cystine heart agar (Becton Dickinson, Franklin
Lakes, NJ) supplemented with 9% sheep blood (Colorado Serum Co., Denver,
Colo.) for 48 h at 37°C in 5% CO2. Bacteria were harvested into phosphate-
buffered saline with Ca2�, Mg2�, and 0.5% phenol to kill the bacteria. Cells were

washed and resuspended in buffer A (10 mM EDTA, 0.06 M Tris base, 2%
sodium dodecyl sulfate [SDS]), pH 6.8) and boiled for 5 min. This sample was
incubated with 65 �g/ml of proteinase K for 1 hour at 65°C and then overnight
at 37°C. It was then subjected to cold ethanol precipitation four times before
being resuspended in distilled water. This suspension was centrifuged at 48,000 � g
for 20 minutes at 20°C, and the resulting supernatant was brought up to 16 ml in
distilled water and centrifuged at 147,000 � g for 75 min at 20°C. The resulting
pellet was resuspended in distilled water and again centrifuged at 147,000 � g for
75 min. The sample was lyophilized for accurate weighing prior to suspension in
high-performance liquid chromatography-grade distilled water (Fisher Scientific
International Inc., Hampton, NH).

F. tularensis LPS was analyzed by SDS-polyacrylamide gel electrophoresis and
silver staining as previously described (45). Although F. tularensis LPS stains
poorly in silver-treated SDS-polyacrylamide gels (10), we were able to visualize
F. tularensis LPS in silver-stained gels by applying large quantities per lane (i.e.,
2.5 �g) (data not shown). Immunoblotting was performed after transfer of F.
tularensis LPS to a 0.2-�m polyvinylidene difluoride membrane (Millipore, Bil-
lerica, MA) in a NuPage XCell II blot module per the manufacturer’s instruc-
tions (Invitrogen, Carlsbad, CA). Membranes were blocked in Tris-buffed saline
(pH 7.5) with 0.1% Tween 20 and 3% BSA. LPS was probed with a monoclonal
antibody specific for the O antigen of F. tularensis LPS (clone FB11; QED
Bioscience, San Diego, CA). Bound monoclonal antibody was detected with
anti-murine immunoglobulin G (IgG) antibody conjugated to horseradish per-
oxidase (Bio-Rad, Hercules, CA), and membranes were developed for visualiza-
tion using SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford,
IL). Using the described methods, the typical ladder pattern of a smooth LPS was
apparent (data not shown).

Priming and assay of the oxidative burst. PMN (9 � 105) were suspended in
180 �l of reaction buffer (HBSS with divalent cations, 0.1% dextrose, 1% human
serum albumin, and 100 ng/ml LBP). LPS or LOS was added to this mix to the
desired concentration and incubated in a 96-well polystyrene plate (Perkin-
Elmer, Wellesley, MA) at 37°C in a BMG Lumistar Galaxy luminometer (BMG
Labtechnologies, Offenberg, Germany). Formyl-methionyl-leucyl-phenylalanine
(f-Met-Leu-Phe) (Sigma-Aldrich; final concentration, 1 �M) and lucigenin (bis-
N-methylacridinium nitrate) (Sigma-Aldrich, St. Louis, MO; final concentration,
100 �M) were injected after 30 min of incubation, and measurement of lumi-
nescence commenced in cycles of 16 or 36 seconds. In preliminary experiments,
the peak of luminescence consistently occurred between 30 and 45 seconds.
Under these conditions, no appreciable priming occurred in the absence of LBP
(data not shown). The limiting concentration of LBP was defined as the concen-
tration that allowed easily discernible priming yet was not maximal.

Assay of LPS binding to adsorbed LBP. One hundred microliters of LBP
suspended at 10 �g/ml in an alkaline buffer (0.1 M NaCO3, 20 mM EDTA, pH
9.6) was adsorbed to Nunc MaxiSorp 96-well plates (Nalge Nunc International,
Rochester, NY) by overnight incubation at 4°C. This LBP concentration was the
lowest that allowed maximal binding of N. meningitidis [3H]LOS. Wells were
washed three times with wash buffer (0.1% BSA in 10 mM HEPES in HBSS) and
then blocked with blocking buffer (3% BSA in 10 mM HEPES in HBSS) for 1
hour at room temperature; control wells were coated with BSA during the
blocking step. Wells were washed three times. N. meningitidis [3H]LOS was
suspended in 100 �l of wash buffer at 5 ng/ml with or without competing LPS.
This solution was incubated in the coated wells at 37°C for 3 h. Wells were
washed twice with wash buffer before being treated with 2% SDS at 90°C for 10
min to remove bound N. meningitidis [3H]LOS. The resulting solutions were
analyzed by liquid scintillation spectroscopy in a Beckman LS liquid scintillation
counter (Beckman Coulter, Fullerton, CA). Counts per minute in BSA-coated
control wells were indistinguishable from background, and recovered counts per
minute in positive control wells were 8 to 9% of the total applied.

Immune capture of LPS-LBP or LPS-BPI complexes. Rabbit antiserum to
recombinant human LBP (Synpep, Dublin, CA) was purified for immunoglobu-
lins with a HiTrap rProtein A affinity column as per the manufacturer’s instruc-
tions (Amersham Biosciences). Immune and nonimmune antibodies were ad-
sorbed to 96-well Nunc MaxiSorp plates in 100 �l of adsorption buffer overnight
at 4°C at the lowest concentration that allowed maximal binding of LPS-LBP
complexes (5 �g/ml). Wells were washed, blocked, and finally washed again as
described above. LPS-LBP complexes were formed as follows. In a silicated tube,
100 �l of N. meningitidis [3H]LOS (3 ng/ml), with or without competing LPS, was
coincubated with 1 ng/ml LBP in wash buffer for 30 min at 37°C with gentle
shaking. The solution of LPS-LBP complexes was then incubated in the coated
96-well plate for 2 h at 37°C. After the wells were washed, samples were recov-
ered for scintillation counting in 2% SDS as described above. Recovered counts
per minute were 9 to 10% of the total applied. The assay for BPI-LPS complexes
was performed as described above using anti-recombinant human BPI antibodies
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isolated from goat serum as described above (47). The BPI concentration used
was 8 ng/ml, but otherwise reagent concentrations were identical. Wells coated
with antibody to LBP or BPI did not bind N. meningitidis [3H]LOS that had not
been previously incubated with LBP or BPI, respectively. Statistical analysis and
representation of the data from the adsorbed LBP and immune capture assays
were performed with Prism 4 software (GraphPad Software, San Diego, CA).
Average counts per minute � the standard errors of the means are reported.

Statistical analysis. Statistical comparisons in priming experiments focused on
the peak luminescence. Statistical comparisons between two groups were per-
formed using a two-sided Student t test. Three or more groups were compared
using one-way analysis of variance followed by Bonferroni analysis as calculated
with Prism 4 software. P values of less than 0.05 were considered statistically
significant.

RESULTS

LPS from the live vaccine strain of F. tularensis did not
prime the PMN oxidative burst. PMN freshly isolated from the
bloodstream produce relatively low levels of ROS when ex-
posed to the bacterial peptide analog f-Met-Leu-Phe. How-
ever, after priming, exposure to f-Met-Leu-Phe results in a
brisk oxidative response (22). Among the most potent of such
priming agents are the endotoxins of a variety of gram-negative
organisms, including N. meningitidis, Escherichia coli, Klebsiella
pneumoniae, and Salmonella enterica. Given that previous stud-
ies have observed a lack of endotoxicity of F. tularensis LPS in
mononuclear cells (3, 39), we hypothesized that F. tularensis
LPS would also lack endotoxicity in human PMN and would
fail to prime for the f-Met-Leu-Phe-triggered oxidative burst.
Using lucigenin-enhanced chemiluminescence to measure the
respiratory burst (2), we compared priming by F. tularensis
LVS LPS to that induced by a potent endotoxin, N. meningitidis
lipooligosaccharide. Whereas unprimed PMN produced mini-
mal chemiluminescence when exposed to 1 �M f-Met-Leu-
Phe, PMN incubated with 5 ng/ml of N. meningitidis LOS for 30
minutes at 37°C prior to f-Met-Leu-Phe exposure produced a
more than 12-fold-higher peak luminescence (Fig. 1). Even 1
ng/ml of N. meningitidis LOS resulted in an increase of six- to
eightfold over unprimed PMN (data not shown). By contrast,
as much as 500 ng/ml of F. tularensis LPS resulted in chemilu-
minescence that was indistinguishable from that produced by
PMN incubated in buffer alone (Fig. 1). Thus, as measured by
the ability to prime the PMN oxidative burst, F. tularensis LVS
LPS lacked endotoxicity in human PMN.

LPS from the live vaccine strain of F. tularensis did not
antagonize priming of the PMN oxidative burst by a potent
endotoxin. Many species of LPS that fail to induce typical
cellular responses to endotoxin demonstrate antagonism of
potent species of LPS. For example, the tetra-acyl LPS ana-
logue lipid 406 or the penta-acyl LPS of late acyl transferase
mutants reduces or eliminates the endotoxicity of potent LPS
when present in excess (1). The penta-acyl LOS of a late acyl
transferase (msbB) mutant of N. gonorrhoeae (msbB LOS)
antagonized priming of the PMN oxidase by N. meningitidis
LOS; a 10-fold excess of msbB LOS coincubated with N. men-
ingitidis LOS reduced peak chemiluminescence by approxi-
mately 35% (95% confidence interval [CI]), 3% to 46%), and
a 100-fold excess reduced chemiluminescence by approxi-
mately 85% (95% CI, 56% to 100%) (Fig. 2A). To determine
if F. tularensis LPS, which is tetra-acylated (36, 46), shared this
capacity in PMN, we assessed its ability to antagonize priming
of the oxidase by N. meningitidis LOS. Ten- and 100-fold ex-

cesses of F. tularensis LVS LPS did not antagonize priming by
N. meningitidis LOS (Fig. 2B).

The host inflammatory response to low concentrations of
LPS depends upon a series of interactions between LPS and
host proteins, including LBP, CD14, and MD-2, and we next
set out to determine whether the inertness of F. tularensis LPS
could be explained by its failure to bind to one or more of
them. LBP binds to LPS aggregates or to gram-negative bac-
terial membranes and transfers individual LPS molecules to
CD14 (49); CD14 in turn transfers one molecule of LPS to
MD-2, resulting in TLR4 activation and signal transduction (1,
21). Endotoxin species that act as antagonists can do so by
occupying either LBP, CD14, and/or MD-2 in nonstimulatory
interactions, thereby reducing the ability of endotoxin agonists
to activate TLR4 (25). The inability of F. tularensis LPS to
prime the PMN oxidative burst or antagonize priming by a
potent endotoxin could therefore be explained by an inability
of LBP to interact with F. tularensis LPS. To confirm that the
absence of F. tularensis LPS-mediated antagonism was not due
to the presence of excess LBP in the assay, we repeated prim-
ing experiments with a concentration of LBP that resulted in
detectable but submaximal priming. Even when LBP was lim-
iting (10 ng/ml), we detected no antagonism by a 100-fold
excess of F. tularensis LVS LPS, whereas a 100-fold excess of
msbB LOS abrogated priming by N. meningitidis LOS (Fig. 3).
When competing LPS was preincubated with buffer and LBP
at 37°C for as long as 30 min (rather than 5 minutes at room
temperature), we still observed no antagonism by F. tularensis
LVS LPS (data not shown). These results suggest that F. tula-
rensis LPS did not bind to LBP and that its inertness in our
system reflected a failure to interact with the first of the series
of host proteins required for the normal host response to LPS.

LPS from the live vaccine strain of F. tularensis did not bind
to LBP. In order to test more directly the ability of F. tularensis
LPS to bind LBP, we designed a competition binding assay in

FIG. 1. F. tularensis LVS LPS did not prime the PMN oxidative
burst in response to f-Met-Leu-Phe. PMN (9 � 105) were incubated in
buffer with LPS at the indicated concentrations and 100 ng/ml of LBP
in 96-well plates for 30 min at 37°C. f-Met-Leu-Phe and lucigenin were
injected at time zero. Light emission is expressed as arbitrary light
units (ALU). Results are the averages for triplicate samples � stan-
dard errors of the means; P � 0.001 for comparisons between N.
meningitidis (Nm) LOS at 5 ng/ml and each concentration of F. tula-
rensis (Ft) LVS LPS, and P � 0.05 for comparisons between each
concentration of F. tularensis LVS LPS and buffer alone. These results
are representative of those from three experiments.
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which we measured the ability of unlabeled N. meningitidis
LOS or F. tularensis LPS to inhibit binding of N. meningitidis
[3H]LOS to LBP-coated wells of a polystyrene plate. Nonspe-
cific interactions were minimized by blocking wells with BSA,
since N. meningitidis [3H]LOS did not bind to wells coated with
BSA alone. When N. meningitidis [3H]LOS was coincubated
with unlabeled N. meningitidis LOS in LBP-coated wells, 10-
and 100-fold excesses of the unlabeled LOS reduced binding of
N. meningitidis [3H]LOS to LBP by 57% (95% CI, 41% to
74%) and 79% (95% CI, 60% to 98%), respectively (Fig. 4). By
contrast, even a 1,000-fold excess of F. tularensis LVS LPS
reduced N. meningitidis [3H]LOS binding by only 30%. The
failure of F. tularensis LVS LPS to impair N. meningitidis LOS
binding demonstrated that it bound adsorbed LBP poorly com-
pared to a typical endotoxin.

Reasoning that LBP bound to a polystyrene plate might not
accurately reproduce the behavior of LBP in solution, as it is

normally presented physiologically, we designed an immune
capture assay in which N. meningitidis [3H]LOS was allowed to
complex with LBP in solution in the presence or absence of
competing LPS. These LBP-LPS complexes were then recov-
ered using polystyrene plates coated with polyclonal rabbit
anti-human LBP antibody. In order to minimize competition
between free LBP and LBP-LPS complexes, the LBP concen-
tration was kept at the lowest concentration that allowed a
good signal-to-background ratio (1 ng/ml). When wells were
coated with preimmune IgG, no LBP-dependent capture of N.
meningitidis [3H]LOS was observed. A 10-fold excess of unla-
beled N. meningitidis LOS almost completely inhibited capture
of N. meningitidis [3H]LOS. Penta-acylated LOS (msbB LOS)
competed less avidly for LBP, with 47% inhibition (95% CI,
31% to 75%) at a 10-fold excess and complete inhibition at a
100-fold excess (Fig. 5). In contrast, F. tularensis LVS LPS did
not compete for binding to LBP at a 100-fold excess, indicating
that F. tularensis LVS LPS bound soluble LBP poorly, if at all.
These experiments support the notion that F. tularensis LPS

FIG. 2. F. tularensis LVS LPS did not antagonize PMN priming by
a potent endotoxin. Conditions are as described for Fig. 1 except that
F. tularensis (Ft) LVS LPS, msbB LOS, or buffer was added to PMN 5
minutes before N. meningitidis (Nm) LOS was added. Cells were then
incubated at 37°C for 30 min, and lucigenin and f-Met-Leu-Phe were
injected at time zero. The results from one experiment are presented
in two panels for clarity. A, Penta-acylated LOS from an msbB mutant
antagonized priming by 5 ng/ml of N. meningitidis LOS at 10- and
100-fold excesses (P � 0.05 for each concentration of msbB LOS in
comparison with N. meningitidis LOS at 5 ng/ml). B, F. tularensis LVS
LPS had no significant effect on priming by N. meningitidis LOS at the
same excess concentrations (P � 0.05 for the comparison between
each concentration of F. tularensis LVS LPS and N. meningitidis LOS).
Results are the averages for duplicate samples � standard errors of the
means and are representative of those from three experiments. ALU,
arbitrary light units.

FIG. 3. F. tularensis LVS LPS did not antagonize PMN priming by
a potent endotoxin when the LBP concentration was reduced to 10
ng/ml, which was limiting. Conditions were otherwise as described for
Fig. 2. The results from one experiment are presented in two panels for
clarity. A, Penta-acylated LOS from an msbB mutant efficiently antag-
onized priming by 5 ng/ml of N. meningitidis (Nm) LOS (P � 0.05 for
each concentration of msbB LOS in comparison with N. meningitidis
LOS at 5 ng/ml). B, F. tularensis (Ft) LVS LPS had no significant effect
on priming by 5 ng/ml of N. meningitidis LOS (P � 0.05 for the
comparison between each concentration of F. tularensis LVS LPS and N.
meningitidis LOS). Results are the averages for sextuplicate samples �
standard errors of the means and are representative of those from three
experiments. ALU, arbitrary light units.
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did not act as an endotoxin agonist or antagonist in PMN at
least in part because it did not interact with the first of a series
of host proteins required for the host response to LPS.

LPS from the live vaccine strain of F. tularensis did not bind
to BPI. LBP is 45% identical by amino acid sequence to the
bactericidal/permeability-increasing protein, an antibacterial
protein found in the azurophilic granules of PMN that binds to
LPS with even greater affinity than does LBP. However, BPI
antagonizes cell signaling by LPS rather than facilitating it and,
unlike LBP, can induce lethal changes in the membranes of
gram-negative bacteria to which it binds (49). Previous studies
have documented the importance of ROS to the successful
killing of F. tularensis by PMN, indicating that the nonoxidative
systems alone are relatively ineffective against F. tularensis (29,
31, 43). We hypothesized that the failure of nonoxidative kill-
ing by PMN might result in part from the inability of LPS
recognition proteins such as BPI to bind F. tularensis LVS LPS.
To test this hypothesis, we adapted the immune capture assay
described above using recombinant BPI and goat anti-BPI
antibody. Ten- and 100-fold excesses of unlabeled N. meningi-
tidis LOS abrogated capture of N. meningitidis [3H]LOS by
anti-BPI antibodies (Fig. 6). Similar to the results seen for
LBP, F. tularensis LVS LPS did not inhibit association between
BPI and N. meningitidis [3H]LOS at a 100-fold excess. In sum-
mary, two structurally similar molecules important in proinflam-
matory and microbicidal host responses to endotoxin, namely,
LBP and BPI, were unable to bind to F. tularensis LVS LPS.

DISCUSSION

We have found that the LPS of the live vaccine strain of F.
tularensis failed to prime human PMN for the f-Met-Leu-Phe-
triggered oxidative burst. Furthermore, F. tularensis LPS did
not antagonize priming by a potent LOS from N. meningitidis
in a sensitive assay, even when the concentration of LBP was
limiting. These observations suggested that F. tularensis LPS
did not interact with the LPS-sensing machinery of the PMN.

FIG. 4. F. tularensis LVS LPS competed poorly with N. meningitidis
LOS for binding to adsorbed LBP. Recombinant human LBP was
adsorbed to 96-well plates, and N. meningitidis (Nm) [3H]LOS (5
ng/ml) was incubated in the wells for 3 hours at 37°C in the presence
of 0.1% BSA. Unlabeled N. meningitidis LOS or F. tularensis (Ft) LVS
LPS was coincubated at the indicated excess concentrations. Binding
of N. meningitidis [3H]LOS was measured as counts per minute in
duplicates and was normalized within each experiment. Counts per
minute in the absence of unlabeled LPS (or LOS) were defined as
100% (i.e., the control value). Background counts per minute were
subtracted from the results for each sample. P � 0.001 for comparisons
between F. tularensis LVS LPS and N. meningitidis LOS at 10- and
100-fold excess concentrations. Error bars are the standard errors of
the means; n � 3.

FIG. 5. F. tularensis LVS LPS did not compete for binding to LBP
in solution. N. meningitidis (Nm) [3H]LOS (3 ng/ml) was coincubated
with unlabeled N. meningitidis LOS, F. tularensis (Ft) LVS LPS, msbB
LOS, or buffer for 30 min at 37°C with a limiting concentration of LBP
(1 ng/ml) and 0.1% BSA. The resulting N. meningitidis [3H]LOS-LBP
complexes were then incubated in duplicate in wells coated with poly-
clonal rabbit anti-human LBP IgG or preimmune IgG. Binding of N.
meningitidis [3H]LOS was measured as counts per minute in duplicates
and was normalized within each experiment after subtraction of counts
from preimmune antibody-coated wells. Counts per minute in the
absence of unlabeled LPS (or LOS) were defined as 100% (i.e., the
control value) P � 0.001 for comparisons among each LPS at 10- and
100-fold excess concentrations, except P � 0.05 for the comparison
between msbB LOS and N. meningitidis LOS at a 100-fold excess.
Error bars are the standard errors of the means; n � 3.

FIG. 6. F. tularensis LVS LPS did not compete for binding to BPI
in solution. N. meningitidis (Nm) [3H]LOS (3 ng/ml) was coincubated
with unlabeled N. meningitidis LOS, F. tularensis (Ft) LVS LPS, msbB
LOS, or buffer for 30 min at 37°C with a limiting concentration of BPI
(8 ng/ml) and 0.1% BSA. The resulting N. meningitidis [3H]LOS-BPI
complexes were then incubated in duplicate in wells coated with poly-
clonal goat anti-human BPI IgG or normal goat IgG. Binding of N.
meningitidis [3H]LOS was measured as described in the legend to Fig. 5.
P � 0.001 for comparisons between F. tularensis LVS LPS and N.
meningitidis LOS at 10- and 100-fold excess concentrations. Error bars
are the standard errors of the means; n � 3.
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We therefore tested binding of F. tularensis LVS LPS to LBP
in competition assays and demonstrated that F. tularensis LPS
did not bind to this protein or to the closely related antimicro-
bial PMN granule protein BPI. This unusual feature of the
organism may enhance its ability to survive ingestion by host
phagocytes by minimizing stimulation of the cell and by resist-
ing the effects of antibacterial proteins and peptides. Within
the context of human innate host defense against infection by
F. tularensis, the inertness of F. tularensis LPS may be an
important virulence factor.

The proinflammatory response to low concentrations of LPS
requires a series of interactions between LPS molecules and
several host proteins. Although the exact mechanism by which
LPS structure variations are discriminated is not yet known,
tetra-acylated lipid A antagonists can inhibit TLR4-dependent
cell activation by active hexa-acylated LPS species by compet-
itively occupying LBP, CD14, and/or MD-2, depending upon
which of these host proteins are present in limiting amounts
(25). Thus, it appears that, at low concentrations, LPS mole-
cules must interact with LBP, CD14, and MD-2 to have either
agonist or antagonist effects, but signal transduction relies
upon a particular interaction between LPS, MD-2, and TLR4.
Presumably, then, LPS that occupies binding sites on these mol-
ecules but does not result in the appropriate arrangement or
conformation of the MD-2-TLR4 complex acts as an antagonist.

Unlike most species of LPS, F. tularensis LPS has neither
agonist nor antagonist effects, as shown in this paper and in
previous work (3, 39). The biological activity of LPS is associ-
ated with specific structural characteristics (1, 18), and the
recently elucidated structure of the lipid A of F. tularensis LPS
deviates significantly from that of typical potent endotoxins.
Most typical endotoxins have two phosphate groups on the
diglucosamine backbone, whereas F. tularensis LVS lipid A has
none (46) or perhaps only one (36). Typical endotoxins have 12
to 14 carbon acyl chains, and the ester- and amide-linked acyl
chains on each of the two glucosamines are identical, since the
lipid A backbone is synthesized in a condensation reaction
between two identical acylated glucosamines (38). By contrast,
F. tularensis lipid A acyl chains are 16 to 18 carbons in length,
and the -OH group on the third carbon of the nonreducing
glucosamine is not substituted (Fig. 7) (36, 46). In these re-
spects, F. tularensis lipid A resembles the lipid A structures of
some strains of Helicobacter pylori and Porphyromonas gingiva-
lis, which have an unsubstituted third-carbon -OH group, 16 to
18 carbon acyl chains, and only one phosphate (12, 26, 33).
Interestingly, both of these LPSs have relatively low endotoxin
activity, and both have been shown to bind relatively poorly to
an LBP-immunoglobulin fusion protein (11). These observa-
tions suggest that a structure with four 16- to 18-carbon acyl
chains asymmetrically distributed on the lipid A backbone
might bind LBP poorly. Alternatively, since initial interactions
between LBP (and BPI) and LPS depend upon electrostatic
attraction (49, 50), the reduced charge of the lipid A region
due to a lack of phosphate substitution may be most important.
Further testing of such structure-function relationships would
require the direct comparison of homogeneous LPS prepara-
tions, which are difficult to isolate. Whether F. tularensis LPS
would also fail to bind CD14 and MD-2, if it were possible to
remove the need for LBP, is not known.

For decades, it has been appreciated that a vigorous inflam-

matory response to endotoxin can be deleterious to the host
when it results in septic shock. For instance, in animal models
in which purified potent LPS is injected intravenously, host
mutations of TLR4 that abrogate the inflammatory response to
LPS are protective. However, the same mutations that protect
against injection of endotoxin render the host susceptible to
minute inocula of live gram-negative bacteria, particularly at
mucosal sites (14, 23, 34, 51). Thus, a vigorous inflammatory
response to LPS and the subsequent recruitment of innate
immune effectors are crucial to host resistance to infection
with many gram-negative organisms. Since the inflammatory
cytokines gamma interferon and tumor necrosis factor alpha
are crucial to the host response to F. tularensis (15, 16, 19, 42),
possession of an LPS which does not cause inflammation could
enhance bacterial survival in the host. Consistent with this lack
of endotoxicity, and in contrast to the responses to most gram-
negative pathogens, TLR4-deficient mice show no deficits in
their response to virulent and attenuated strains of F. tularensis
unless large inocula of bacteria are used (8, 9). Thus, the
failure of F. tularensis LPS to bind LBP and thereby behave
like a typical endotoxin means that an important arm of the
innate immune system is not engaged to defend against F.
tularensis.

Although a T-cell-mediated immune response is required
for resolution of F. tularensis infection, the PMN likely plays a
key role in early host defense (17). It is known that PMN are
prominent among the inflammatory cells recruited early to
sites of infection (4, 40), and depletion of PMN in a mouse
model increases bacterial dissemination and mortality after
primary intradermal or intravenous challenge with F. tularensis

FIG. 7. The lipid A structures of N. meningitidis (7) and F. tularen-
sis LVS (the 1-hydroxyl phosphate group is included as per reference
36). The arrowhead points to the unsubstituted 3� hydroxyl group of F.
tularensis lipid A. The arrow indicates the lack of a phosphate group at
the 4� position.
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LVS (41). These results suggest that PMN are crucial to the
initial control of infection by the innate immune system until a
T-cell-mediated response can develop. In vitro work on F.
tularensis LVS interactions with PMN has shown that killing is
strictly oxygen dependent (31), and a recent study confirmed
markedly increased susceptibility to primary infection in PMN
oxidase-deficient mice (29). Our observation that F. tularensis
LPS failed to prime the PMN oxidase suggests that the mobi-
lization of these important ROS during interactions between
PMN and F. tularensis may be suboptimal. Furthermore, the
previous work suggests that the array of antimicrobial proteins
and peptides in the azurophilic granule, including BPI, de-
fensins, and proteases, among others, is unable to kill ingested
F. tularensis in the absence of ROS. This conclusion is sup-
ported by the observation that a crude PMN protein extract
that possesses potent antimicrobial effects against many gram-
negative organisms is unable to kill a variety of F. tularensis
strains (43). Our results implicate the failure of BPI to bind F.
tularensis LPS as contributing to the failure of nonoxidative
killing mechanisms. Furthermore, similar structural principles
may determine interactions of other PMN-derived cationic
antimicrobial proteins with gram-negative bacteria and LPS. If
so, our results suggest a mechanistic basis of F. tularensis re-
sistance to the nonoxidative bactericidal systems of PMN.

We hypothesize that the failure of proteins of the innate
immune system to recognize F. tularensis LPS impairs both the
proinflammatory and the microbicidal host responses. Al-
though infection with F. tularensis is frequently characterized
by tremendous local and systemic immune responses, initial
interactions with the host may not stimulate host phagocytes
fully, thereby limiting the early response to the organism. Fu-
ture work will investigate the extent to which priming of the
oxidative burst enhances killing of F. tularensis and will char-
acterize the determinants of successful PMN handling of the
organism.
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